ABSTRACT: We conducted 2 cruises in 2 subarctic fjords, Ullsfjorden and Sørfjorden, northern Norway, to investigate the role of coupled advection and individual behavior of euphausiids in determining their distribution and retention. The surveys examined the seasonal change in buoyancy-driven circulation in fjords due to surface cooling and ice formation during the fall and winter, and surface heating, freshwater runoff and a deep-water intrusion during the spring, as well as seasonal variations in euphausiid distribution and migration. The causes leading to vertical migration of euphausiids were studied by light and food measurements. Euphausiid transport was examined on the basis of timing and duration of euphausiid migration, as well as variations in water currents. Our results demonstrate the entrapment of euphausiids in these fjords. To understand the aggregation mechanisms, euphausiid swimming behavior was studied in terms of cruising speed, escape velocity, deterministic swimming and random walking. Existing stochastic aggregation theories were used to interpret the observations of swimming behavior. The mismatch between theories and observations found in this study led us to construct a new model configuration between aggregation, deterministic vs. random swimming, and dispersion.
INTRODUCTION
Spatial and temporal distribution of zooplankton in oceans, fjords, estuaries and lakes is often complicated by current advection and behavior of zooplankton. Especially in Antarctic and Arctic regions, euphausiids, constituting a key link between primary production and higher trophic levels, exhibit strong aggregation and vertical migration behavior, while current fields are determined by strong tidal currents and mesoscale baroclinic jets and eddies. Determination of these coupled physical and biological processes is necessary to understand local ecosystem functions and develop general models for the behavior of euphausiids, and requires quantitative observations of spatial and temporal distributions of euphausiids and current advection.
The transport and redistribution of zooplankton by mesoscale circulation have been addressed by a number of studies (Haury 1984 , Lindahl & Hernroth 1988 , Aksnes et al. 1989 , Mackas et al. 1991 , Huntley et al. 1995 , Zhou 1998b . Common phenomena are advection of zooplankton by coastal currents or jets, and entrapment of zooplankton in convergent eddies. In fjords and estuaries, advection by tidal and residual currents leads to more complicated tidal period distribution and transport of zooplankton (Lindahl & Hernroth 1988 , Aksnes et al. 1989 , Gupta et al. 1994 . Freshwater runoff can lead to a net surface flux outward and a bottom intrusion nonlinearly coupled with periodic tidal currents (Kaartvedt & Svendsen 1995 , Zhou 1998a . Such semidiurnal or diurnal advection processes of tidal currents may coincide with diel zooplankton behavior.
The diel vertical migration of zooplankton is a common phenomenon in aquatic systems (Cushing 1951 , Ohman et al. 1983 , Ashjian et al. 1998 . Although the underlying cues and causes driving the vertical migration are still debatable, recent studies have shown that zooplankton migrate in direct response to light with maximum upward migration speed at sunset and maximum downward migration speed at sunrise (Ringelberg et al. 1991 , Ashjian et al. 1998 . In a vertical-shear current, a combination of active vertical migration and differential current advection determine the transport and fate of zooplankton.
Aggregation behavior confers advantages in avoiding predation and in utilizing food resources (Partridge 1982 , Brooks & Mullin 1983 . Antarctic and Arctic euphausiids exhibit distinct aggregation behavior (Hamner et al. 1983 , 1989 , Zhou et al. 1994 . Euphausiids are not passive particles that respond stochastically to advection and diffusion processes. The mechanism of euphausiid diel aggregation patterns and their response to differential advection of a shear flow is not known, but it is important in preventing dispersion.
Subarctic fjords in northern Norway deviate from most subtropical estuaries by their great depth and variations in runoff and ice formation between spring, fall and winter. These fjords are usually characterized by highly abundant euphausiid populations and high fish production (Falk-Petersen & Hopkins 1981 , Tande & Slagstad 1982 , Hopkins et al. 1984 . Seasonal variation in circulation patterns and transport of nutrients and biota are important factors determining the carrying capacities of fjord populations. Previous studies have indicated that residual currents and vertical distribution of Calanus finmarchicus and euphausiids determine the direction of their transport at a nearly steady state (Aksnes et al. 1989) . Considering diel vertical migration of zooplankton, seasonal residual and tidal currents, the transport of zooplankton by currents is not in a steady state in northern Norwegian fjords. Although these individual physical and biological processes have been well documented, it is not clearly understood how they are related to the high abundance of euphausiids in subarctic fjords. The data herein are results of our studies on the transport of euphausiids by combined currents and migration behavior within tidal periods in the late fall season of 1995 and the spring of 1996 in Ullsfjorden and Sørfjorden, northern Norway.
MATERIALS AND METHODS
We chose Ullsfjorden and Sørfjorden in northern Norway as our study sites because of their different physical settings (Fig. 1) . Ullsfjorden is a typical open fjord with a deep (> 200 m) channel, which connects with the continental shelf. Thus, the temperature and salinity of the bottom water are influenced by shelf water, characterized by temperatures > 5.5°C and salinity > 34.5 (Ljøen 1962) . The tides are dominated by M 2 and S 2 constituents. The heights of neap and spring tides are approximately 1 and 2 m, respectively, with the associated tidal currents varying from 10 to 20 cm . The horizontal excursion range of a water parcel advected by tidal currents during a tidal period is approximately 3 km in Ullsfjorden and 1 km in Sørfjorden. Baroclinic currents, which play the primary role in 2-way exchanges of water masses, had not been studied in both fjords during the past.
Zooplankton in both Ullsfjorden and Sørfjorden are dominated by 3 groups -copepods, chaetognaths and euphausiids. Of the copepods, Calanus finmarchicus accounts for 90% of the abundance (Falk-Petersen & Hopkins 1981 , Tande 1982 , Hopkins et al. 1984 , Falkenhaug et al. 1997 . Of the euphausiids (whose body size range is larger than that of copepods), the 3 Thysanoessa species T. inermis, T. raschii and T. longicaudata are the dominant organisms, accounting for 1981 , Hopkins et al. 1984 , Falk-Petersen 1985 . Meganyctiphanes norvegica is a shelf and oceanic species, and is usually only found in Ullsfjorden. Short cruises with RV 'Johan Ruud' and RV 'Jan Mayen' were conducted in the late fall of 1995 and the spring of 1996. In late fall, physical forcing was characterized by atmospheric cooling and limited freshwater runoff with a very short daytime, and in the spring by atmospheric heating and strong freshwater runoff with a very long daytime. The seasonal change in daytime length affects euphausiid behavior, while the variation in freshwater runoff alters the water circulation pattern. These seasonal contrasts provided us with an opportunity to compare the differences in circulation patterns and euphausiid behavior, and their effects on the transport and retention of euphausiids.
The instruments used in this study comprised a vessel mounted (VM), narrow band (NB), acoustic Doppler current profiler (ADCP; RD Instruments) for measuring both current and volume backscattering strength of zooplankton, a CTD (ME MeerestechnikElektronik) for measuring temperature and salinity, a BackScat Fluorometer (Model 1121 MP/Chla; Dr. Haardt) for measuring fluorescence, and a multiple opening -closing net and environmental sensing system (MOCNESS; Wiebe et al. 1976 ) for taking zooplankton samples. Temperature, salinity and fluorescence were measured at 30 stations along the principal axis of Ullsfjorden and Sørfjorden (Fig. 1) . For current measurements, two 153 kHz narrow band ADCPs were mounted on the RV 'Johan Ruud' and RV 'Jan Mayen', individually. Bin length was set at 4 m, pulse length was set equal to bin length, and the blank after transmission was set at 2 m. To ensure accuracy of velocity measurements, a 5 min time average was made, following the instrument specifications, by which the corresponding error was reduced to 1.5 cm s -1 in a calm sea (RD Instruments 1989). The error of echo intensity measurements by an ADCP is <1 dB for a single ping.
During the last 2 decades, acoustic technologies and devices have been developed to assess the spatial and temporal distributions of mesozooplankton and micronekton. Vertical migration of zooplankton has been intensively studied using both net tow samples and acoustic surveys (Hopkins et al. 1978 , Kalinowski 1978 , Zhou et al. 1994 , Demer & Hewitt 1995 , Tarling et al. 2001 ; the variation in the acoustic target strength of a single plankter has been studied as a function of its orientation (Demer & Martin 1995 , McGehee et al. 1998 , Demer & Conti 2003 ; and the aggregation and swarming behavior of krill and micronekton have been studied using acoustic Doppler technology (Zhou & Huntley 1996 , Tarling et al. 2001 , Demer et al. 2002 , Zhou & Dorland 2004 . Although there are certain errors in the acoustic measurement of mesozooplankton biomass, various studies have clearly indicated a linear correlation between estimates of biovolume from ADCP measurements and those from other sampling devices (Flagg & Smith 1989a ,b, Zhou et al. 1994 , Brierley et al. 1998 .
To calibrate the backscattering measurements of an ADCP against net tow samples when estimating zooplankton biomass (Flagg & Smith 1989a ,b, Zhou et al. 1994 ), a series of MOCNESS tows were conducted inside and outside euphausiid swarms. Zooplankton were sampled at depth intervals of 0 to 25, 25 to 50, 50 to 75, 75 to 100 m and from 100 m to the bottom with 180 μm mesh nets at Stns 1 to 8, 17 and 20 in Sør-fjorden and Stns 23 to 30 in Ullsfjorden (Fig. 1) . Each sample was concentrated and preserved in 10% formalin buffered with sodium borate. Zooplankton samples were then sorted using a stereomicroscope (Olympus; Model CH30), and the wet volume of euphausiids in each net was measured following standard procedures (Harris et al. 2000) .
The Doppler spectrum measurements provided by an ADCP were used to access the swimming velocities of euphausiids. An NB ADCP uses the Doppler frequency reflected from backscatterers in the water column to calculate the velocities, which are used to infer the current velocities (RD Instruments 1989 , 1990 . During NB ADCP signal processing, the first moment of a power spectrum from the fast Fourier transform (FFT) of received acoustic signals is the Doppler shift, i.e.
( 1) where F(f) is the FFT of acoustic signals received by a transducer, f is the frequency, f 0 is the frequency transmitted by the transducer, Δf is the Doppler shift, and S is the zero moment of F(f). The velocity relative to the transducer is equal to 2(CΔf /f 0 ), where C is the sound speed, and the factor 2 represents the double Doppler shifts when using 1 transducer as both transmitter and receiver. The second moment of a power spectrum is proportional to the width of the power spectrum, i.e.
where σ is the spectrum width, and f -is the mean frequency of the received acoustic signals. Taking the notation u = u -+ u', where u is the velocity of an arbitrary particle in the water volume, u -is the mean velocity of all backscatterers in a given water volume, and u' is the difference between u and u -or the random motion, we have
which represents the random motion relative to the mean. The kinetic energy of random motion is 1 / 2 (u')
, we have the mean kinetic energy (4) which is the half spectrum width in the ADCP data string. Therefore, the spectrum width from a Doppler spectrum is equal to the mean magnitude of random motion velocities of particles or backscatterers in a given water volume. If these backscatterers are mesozooplankton such as euphausiids, the square of a spectrum width provides a direct estimate to their swimming energy. An ADCP pings with a finite pulse length. The width of a power spectrum is determined by both the pulse length of a ping and the random motion of backscatterers. The spectrum broadening due to a finite pulse length is a system constant, and can be subtracted from the ADCP spectrum width measurements. The residuals are contributed by the random motion of backscatterers.
Our surveys aimed at resolving circulation patterns and euphausiid distributions during tidal periods in fjords. To achieve this, we started with a fast ADCPsurvey to determine the presence of krill aggregations from acoustic backscattering measurements, and then conducted a transect of several MOCNESS tows inside and outside these aggregations to ensure that the acoustic targets were euphausiids. A series of studies followed the initial acoustic and MOCNESS surveys, such as CTD transects, 24 h ADCP transects, microstructure turbulence measurements, and euphausiid physiological measurements.
RESULTS
The absolute abundance of each species in the inner part of Ullsfjorden and Sørfjorden estimated from net tow samples is given in Table 1 . The composition and sizes of euphausiid species in both fjords remained relatively unchanged over the winter (Fig. 2) . Thysanoessa raschii was the only dominant species in Sør-fjorden during both seasons, T. raschii, T. inermis and Meganyctiphanes norvegica were the dominant species in Ullsfjorden during spring, and T. inermis the only dominant species forming aggregations in Ullsfjorden during late fall (Table 1 ). The total abundance of euphausiids increased from the fall through winter to spring. In late fall, Calanus finmarchicus was absent from the water column, remaining in deep water or near the bottom for overwintering. In the spring, although C. finmarchicus numerically dominated the samples, euphausiids were the dominant backscatterers in the water column, because an average sized euphausiid produces 10 2 to 10 3 times higher backscattering than an average sized C. finmarchicus. Taking an adult C. finmarchicus of 2.6 mm in length and a target strength of approximately -110 dB at 153 kHz (Greenlaw 1977 , Zhou et al. 1994 , the volume backscattering of approximately -73 dB produced by C. finmarchicus at the maximum abundance of 4243 ind. m -3 is equivalent to the volume backscattering produced by 17 euphausiids m -3 at a mean body length of 2.6 mm. The mean abundance within euphausiid aggregations was approximately 38 and 100 ind. m -3 in Ullsfjorden and Sørfjorden, respectively. Thus, the presence of C. finmarchicus in spring could contribute relative errors of 50 and 20% to euphausiid estimates in Ullsfjorden and Sørfjorden, respectively. Although distinguishing euphausiids from C. finmarchicus directly from ADCP volume acoustic backscattering is impossible, we are able to distinguish euphausiid aggregations from C. finmarchicus on the basis of their swimming characteristics (see 'Discussion'). The abundance of Sagitta elegans was similar to that of euphausiids (Table 1) . Studies of acoustic target strength of chaetognaths are very rare. Because S. elegans showed a very different diel vertical migration pattern from that of euphausiids in both seasons, we were able to distinguish their contribution to the acoustic volume backscattering, i.e. they produced relatively weak acoustic backscattering. Echo intensity measurements were extracted from ADCP raw data based on the time, location and depth intervals of a net tow, and converted to absolute volume backscattering (VTS) using the standard sonar equation (RD Instruments 1990) . A straight linear correlation between wet weights of euphausiids from net tow samples and corresponding VTS estimates from ADCP data on the log chart is reflected by an R 2 of approximately 0.95 (Fig. 3 ). Thus, we were able to measure euphausiid swarms from the backscattering and their movements from first and second moments of a Doppler spectrum at the same time and same location during our study (Fig. 4) .
The transects of temperature, salinity and fluorescence concentration along the principal axes of Ullsfjorden and Sørfjorden in the fall cruise are shown in The heat budgets in these 2 fjords can be determined from the temperature structures and their seasonal changes (Figs. 5, 6 & 7) . During the survey period in late fall, waters in both Ullsfjorden and Sørfjorden were warmer than in late winter and early spring. Local bottom water formation is reflected by the coolest and saltiest bottom water in the inner basin of Sørfjorden. Through the winter, heat loss led to much cooler waters in these 2 fjords, except for the deep water in Ullsfjorden, which was unchanged, and comprised modified water originating from the Norwegian shelf, characterized by temperature > 5.5°C and salinity > 34.5 (Ljøen 1962 ). Time series of ADCP measurements of currents and zooplankton biomass were taken to determine the impact of combined current advection and vertical migration of zooplankton on their transport and retention during both the fall and spring cruises. To determine the timing of upward and downward migration of euphausiids and their activities in the water column, we used the theoretical photosynthetically available radiation (PAR) without cloud correction (W m ) at Stn 7 in Sørfjorden on April 12 and 13, 1996 directions of the currents differed between the upper and lower water columns, the direction of advective transport of euphausiids also differed, depending on the depth of an aggregation, which again varied dielly.
To reveal the effect of this advection on euphausiid aggregations, VTS color images of euphausiid estimates were superimposed on the current vectors (Figs. 10 & 11) . To determine the euphausiid distribution in a cross fjord direction, several cross sections were made (Figs. 10 & 11) . Because there were no euphausiid aggregations in the outer basin of Sørfjorden during our 2 survey periods, only results for the inner basin of Sørfjorden are shown. The results indicate that the euphausiids remained in the upper water column during the long nights of this period. The movements of euphausiid aggregations within a tidal period were studied during the spring cruise (Figs. 12 & 13) . Because of the time limits of the survey and the size of euphausiid patches, only along-fjord transects were conducted. To ensure that the spatial distribution of euphausiids was not biased by temporal variation of tidal currents, each transect along a fjord was made within a period of 1. . This is not attributable to vertical motion of the vessel, because the sea in the fjords was very calm, nor to any known physical processes. Because the dominant backscatterers were euphausiids (verified by net tow samples: Figs. 14 & 15, Table 1), the vertical velocity components of 10 to 15 cm s -1 may have been due euphausiid aggregations (Kils 1979 (Kils , 1983 .
The velocity measurements and volume backscattering estimates for the euphausiids were made at the same times and locations. They demonstrate temporal variation in transport of euphausiids as a function of temporal variation in tidal currents. In the spring, both fjords displayed an estuarine circulation, with a net outflow in the upper water column and a net inflow in the lower water column (Figs. 12 & 13) . Euphausiids remained deep in the water column during the long daylight hours and fed in the upper layer during the short hours of night. The aggregational behavior of euphausiids is also evident in Figs. 10 to 13. The variables which may potentially be used to describe this quantitatively, such as mean swimming speed, random motion velocities and auto-coherence, were further explored by ADCP velocity measurements. The errors of both velocity and spectrum width measurements of an ADCP are inversely proportional to the pulse length transmitted. To increase the accuracy of these measurements in distinguishing velocity differences with and without euphausiids, we increased the pulse length to 8 m, leading to an accuracy of 1 cm s
, with a 5 min average. While the volume backscattering provided estimates of euphausiid abundance distributions, the spectrum width measurements reflected the random movements of euphausiids inside and outside a swarm (Fig. 16) .
DISCUSSION

Seasonal changes in fjord thermal structure and circulation
Surface cooling in late fall was obvious from the cooler surface water, compared to the warmer mid-depth water, in both Ullsfjorden and Sørfjorden (Fig. 5) . The warm mid-depth waters in both fjords are typically interpreted to comprise the water formed through surface heating in spring, summer and early fall. During the survey period in late fall, the bottom water in Sørfjorden was cooler and saltier upstream than downstream, and its horizontal density gradient was stronger, a further indication of surface cooling. Such a density gradient is a unique feature of high-latitude fjords, which differ from mid-latitude fjords, in which salinity and density are typically lower upstream than downstream. Local bottom water formation is confirmed by the temperature and salinity (T-S) diagram (Fig. 7) , which shows the coolest and saltiest bottom water in the inner basin of Sørfjorden located far distant from the bottom water downstream or the water in Ullsfjorden. Ice formation at the surface of both fjords was observed during our fall cruise, although this never remained long. A mixture of brine from the ice and surrounding water formed cool and salty water that sank to the bottom. This process occurs earlier upstream in a fjord, because the upstream section has usually less heating capacity, and less heat flux from the ocean. We refer to this as a reversed horizontal density gradient compared to that in mid-latitudes. A similar reversed density gradient was found in Ullsfjorden. The reversed density gradient in the fall and winter produces a reversed estuarine circulation, with a bottom outflow and a surface inflow. This is confirmed by the ADCP current measurements (Figs. 10 & 11) . The circulation was driven by local cooling on a basin scale, since mixing between Ullsfjorden and Sør-fjorden waters is not apparent from the T-S data. The coolest and saltiest bottom water in the inner basin of Sørfjorden did not extend to the outer basin and Ullsfjorden. The heat loss during fall and winter is examined by comparing the thermal structure in late fall to that in spring (Figs. 6 & 7) . In the spring, the warm water layers found at mid-depth during the fall cruise were absent, having completely disappeared over the winter. The coolest water was at the surface. Although the smaller heat capacity in Sørfjorden made the water there cooler than in Ullsfjorden, the higher salinity of Ullsfjorden water made its density higher than that of Sørfjorden water. The T-S diagram (Fig. 7) in spring consisted of an almost straight line, implying mixing of the waters of these 2 fjords. The intrusion of denser bottom water into Sørfjorden from Ullsfjorden is illustrated in Fig. 6B .
The current comprises 2 components, buoyancy-driven and tidal currents. The periodic tidal current component can be removed by averaging current measurements over a tidal period. The residual current from averaging 8 transects of current measurements during the spring cruise represents the buoyancy-driven current (Figs. 12 & 13) , a typical estuarine circulation pattern, with a surface outflow of low density water from upstream and an intrusive bottom current of saltier and denser oceanic water (Dyer 1997) . Superimposing the buoyancy current onto the ebb tidal current should result in a strong ebbing surface flow, since both buoyancy-driven and tidal currents would be in the same direction; and in a weak bottom current due to a counterbalance between the ebb tidal current and inflow of the bottom, buoyancy-driven current. During flood tides, we would expect a stronger intrusive bottom current, since both the buoyancydriven and flood tide currents would be in the same direction; and a weaker surface current due to the counter effects of freshwater runoff and tidal current.
Migration and aggregation behavior of euphausiids
The ADCP volume backscattering measurements clearly indicate the diel vertical migration of backscattering layers similar to those found in Balsfjorden (Hopkins et al. 1978 (Hopkins et al. , 1984 . In the fall and winter, euphausiids were the absolute dominant backscatterers in the water column because of the absence of Calanus finmarchicus. In the spring, C. finmarchicus can make up to 20 and 50% of the volume backscattering in Sørfjorden and Ullsfjorden, respectively. However, the vertical velocity measurements in these ADCP volume backscattering layers were as much as 15 cm s -1 , a velocity that can only be attributable to euphausiids. These velocity measurements indicate that euphausiids were the dominant backscatterers in these layers, which consisted of Thysanoessa raschii and T. inermis.
The diel vertical migration pattern of Thysanoessa raschii and T. inermis was further verified from daytime and nighttime MOCNESS tow samples. Although the light level was very low during our fall survey, euphausiids still maintained their diel vertical migration pattern (Fig. 14A) . Because the night was very long in the fall and winter, euphausiids remained in the water column for most of the 24 h diurnal period (Fig. 8) . At dawn, they quickly moved down to near bottom depths, even though the light in the upper water column was very dim. The absence of grazers and low availability of light resulted in photosynthetic activity, as indicated by increased fluorescence concentrations in the upper water layers. At sunset, the euphausiids ascended into the upper water column to graze those phytoplankton produced during the day (Fig. 8) .
The migration response of euphausiids to light in the spring resembled that in the fall and winter (Fig. 15A) . Because the day was much longer than the night in spring, euphausiid aggregations remained at depth for most of the daylight hours (Fig. 9 ). Fluorescence concentrations increased during the day, and decreased markedly when euphausiids moved to the upper water column for feeding after sunset. In both late fall and early spring, euphausiids initially moved to the surface, forming dense aggregations, and then dispersed throughout the water column. The reason for this behavior is not known, but we can speculate that they were looking for food after the surface phytoplankton had been depleted.
The red areas in Figs ) at the surface and shallow depths were especially visible during the day, when T. raschii stayed at depth. Net samples from a targeted MOCNESS tow in Ullsfjorden indicated that these layers consisted of Meganyctiphanes norvegica which did not migrate to deep water, but remained within the top 50 m of water column during the day. The behavior of M. norvegica at night was difficult to follow, since their signals were mixed with those of the dominant species, T. raschii. From the yellow layer observed during the day in Fig. 9 and net tow samples at night, we confidently conclude that M. norvegica did migrate to the surface at night. Because they are strong swimmers with an average size of 2.6 cm, and form small aggregations, standard MOCNESS depths will not efficiently sample these highly mobile euphausiids, and will often miss patchy aggregations. Only with targeted tows were we able to confirm that M. norvegica aggregations occur only in Ullsfjorden.
The mean abundance of Sagitta elegans in these 2 fjords resembled that of euphausiids. We investigated whether chaetognaths could contaminate the acoustic measurements of euphausiids through behavioral differences. The net tow samples indicated that Thysanoessa raschii displayed a strong diel migration behavior in both seasons, but that S. elegans did not (Figs. 14 & 15) . We compared the acoustic measurements and net tow samples , whereby strong VTS was taken to indicate the presence of euphausiids, and weak VTS their absence; chaetognaths were always abundant. Strong VTS patterns paralleled the migrating euphausiid aggregations in both fjords during our survey periods, indicating that chaetognaths produce a much weaker echo than euphausiids.
The migration depth of Thysanoessa raschii was either to the bottom or to a depth of approximately 100 to 120 m in both the fall and spring cruises (Figs. 8 & 9) , although the maximum solar irradiance in the fall survey was approximately 50 W m , where I is light intensity, I 0 is sea surface irradiance, α is the vertical ) of organisms at Stn 6 in Sørfjorden on April 11 and 12, 1996 extinction coefficient and z is depth (Kirk 1983) . We assume that euphausiids moved to depth at the same light level in both fall and spring. Taking the maximum irradiance of 300 W m -2 at the surface and an approximate value of 0.2 m -1 for the extinction coefficient of seawater in fjords (Kirk 1983) , the light level at a depth of 120 m in the spring would be approximately 1.1
. In late fall, taking a maximum surface irradiance of 50 W m -2 , the light would be reduced to 1.1 × 10 -8 W m -2 at a depth of 111 m. Thus, the light levels at these depths were nearly same in late fall and spring. Our measurements show that T. raschii aggregated between 100 and 120 m during the daytime in both fall and spring cruises. Although estimating the real light level at a given depth is more complicated, our estimate is roughly of the first order, and illustrates that a large change in sea surface irradiance does not result in a similarly large change in the light level at depth, i.e. at the migration depth of T. raschii.
Our observations on the vertical migration patterns of euphausiids cannot be described by a simple sinusoid function as has been traditionally done (Ashjian et al. 1998) . Euphausiids remained at the bottom or the depth of 100 to 120 m during the daylight hours. The timing of migration can be calculated using the light cue, although the amount of light may not be important. The upward migration of euphausiids was rapid (within minutes), nearly a step function of time. Their migration to the surface at night should not be interpreted as a function of light, since when there is no light, it should no longer be a factor affecting euphausiid behavior. Their migration should thus simply be driven by a search for food. Their initial upward movement could be to graze on surface phytoplankton. After these had been grazed, the euphausiids dispersed throughout to the whole water column in search of food.
Interaction between zooplankton behavior and currents
It is presumed that advection of zooplankton by currents determines their transport and distribution at the mesoscale in coastal oceans (Haury 1976 , Haury et al. 1992 , Huntley et al. 1995 . In contrast, the entrapment of zooplankton in estuaries and fjords has been discussed in terms of relatively weak currents, food availability from terrestrial sources, and high productivity induced by nutrient input through terrestrial runoff (Lindahl & Hernroth 1988 , Aksnes et al. 1989 . In a southern Norwegian fjord, studies in June and October found that the mesozooplankton did not show any diel vertical migration pattern near the fjord sill (Aksnes et al. 1989) , and thus residual currents determined the 1-way transport of mesozooplankton. During our study period, diel vertical migration was one of the dominant behaviors of euphausiids, and complicated the advection processes.
Euphausiids remained at depth from approximately 09:00 to 17:00 h (a short daylight period of 8 h), and occupied the upper water column during most of the long dark period (16 h in our fall survey period). During this season, the buoyancy-driven current displayed a reverse estuarine circulation pattern, i.e. an inflow in the upper layers and an outflow in the deep layers. In both Ullsfjorden and Sørfjorden, euphausiids were advected into the fjords in the upper layer during the fall and winter seasons, because they remained in the upper layer during most of the 24 h diurnal period (Fig. 10) . If we take a mean residual flow of 5 cm s -1 , the advection of euphausiids could cause a net displacement of 1.4 km inward in a 24 h period, assuming that they spent 8 h in the deep outflow layer, and 16 h in the upper inflow layer. Migration behavior played a critical role in their net 1-way transport.
Circulation in fjords is similar to that typical for estuarine waters in spring, resulting from strong freshwater runoffs due to increases in both solar radiation and daylight hours. The tidal current in Sørfjorden is relatively weak because of its shallow sill and narrow entrance. The euphausiid distribution over 24 h in Sør-fjorden is shown in Fig. 13 . Euphausiids remained at depth from 05:00 to 20:00 h (15 h) and in the upper water column for 9 h. At the surface, outflowing currents transported them outward. Downstream, near the shallows, they moved downward because of the arrival of dawn, and near the bottom, they were advected upstream, back to the deep basin. A similar combination of physical and behavioral processes occurred in Ullsfjorden (Fig. 12) . Although the outward limits of the euphausiid aggregation were not found (the aggregation was too long to be covered during the available survey time), the effect of differential advection on euphausiid transport was clear.
Swimming characteristics of euphausiids
An ADCP measures the motion of backscatterers, and at our study sites the dominant backscatterers were euphausiids. Their movements can be either passive (advection by currents) or active (swimming). Taking the size range of a euphausiid as being between 1 and 4 cm, their cruising speed is between approximately 2 and 12 cm s , which is 2 to 3 times their body length (Kils 1979 (Kils , 1983 , and is on the same order of horizontal current velocities. There is no method currently available for distinguishing between the 2 components, euphausiid horizontal swimming and horizontal current velocity. However, in the vertical direction, average velocity is equal to zero for short waves, and is much less than 1 mm s -1 for tidal currents, mesoscale eddies and long waves in Ullsfjorden and Sørfjorden (Pedlosky 1987) . The swimming velocity of euphausiids surpassed vertical current velocity in ADCP measurements.
The systematic downward velocities in the upper 40 m shown in Figs. 12 & 13 (bottom graphs) represent euphausiids escaping from our research vessel. Among potential errors for the interpretation of ADCP measurements, asymmetrical pitching and rolling could produce a biased vertical component. Both Ullsfjorden and Sørfjorden are protected from strong winds by surrounding mountains. During most of our survey periods, both fjords were very calm, and pitching and rolling at the ship were negligible. Because the ADCP transducers are mounted at an angle of 30°relative to the vertical axis, the error of vertical velocity measurements is less than that of horizontal velocity measurements (1.5 cm s
-1
). The vertical component of velocity at a depth of 40 m could not be produced by water displacement of a ship. We therefore interpret downward velocity components measured by the ADCP in Figs. 12 & 13 as the downward swimming euphausiids.
In Sørfjorden, downward mean velocity was approximately 4 ± 2 cm s -1 in the presence of euphausiid aggregations (Fig. 13) . It is clear that the euphausiids dived away from the ship, but it is not clear in which direction in the horizontal they moved, since the horizontal current velocities surpassed their horizontal swimming velocities in this case. Assuming that euphausiids swim isotropically and that their total velocity is equal to (3 × w 2 )
1/2 , where w is the vertical velocity component, then the swimming velocity of euphausiids would be approximately equal to 7 ± 4 cm s -1 . On the other hand, if we take an average length of 1.2 cm for Thysanoessa raschii, their escape velocity would be approximately 7.2 cm s -1 (6 times their body length s -1 ; Kils 1979 Kils , 1983 . Our measurements are very close to this theoretical estimate.
Meganyctiphanes norvegica were bigger, and stronger swimmers than Thysanoessa raschii in Ullsfjorden, and did not migrate below 50 m during our surveys (Fig. 12) . When T. raschii aggregations remained at depth during the day, their mean vertical velocity in the upper 50 m was approximately 5 ± 3 cm s , and when they stayed in the upper layer, their mean vertical velocity in the upper 50 m was reduced to approximately 3 ± 3 cm s -1
. Therefore, the vertical velocity of 5 ± 3 cm s -1 was contributed by M. norvegica only. The mean swimming velocity of M. norvegica was thus approximately 9 ± 6 cm s -1 . The vertical distance within which euphausiids responded to the ship was approximately 40 m (Figs. 12 & 13) . Below this depth, the vertical component in ADCP velocity measurements was insignificant. The ADCP was mounted approximately 9 m behind the bow of the RV 'Johan Ruud', which we used for these 2 surveys. If we assume that euphausiid aggregations would not be disturbed until the ship's bow was above them, and the ship was traveling at approximately 3 m s -1 , then the ship would travel 9 m in 3 s from the arrival of the bow at the euphausiid swarm to the arrival of the ADCP. If euphausiids 40 m away responded to ship's arrival within these 3 s, then any warning must travel in a euphausiid aggregation at a speed faster than 13 m s ; this illustrates the avoidance capacity of euphausiids during a net tow. To increase catch efficiency, the sampling method must either be faster than the relaying speed of euphausiids, or the sampling devices must not be visible to the euphausiids. Towing nets at night and/or from below at fast speed are typical ways in which to improve sampling efficiency by reducing the visibility of nets.
The aggregation behavior of marine organisms is directly related to their random movements (Okubo 1980 , 1986 , Zhou & Huntley 1996 . However, except for large fishes and mammals, in situ observations of marine organisms have been restricted by a lack of technology. The Doppler spectra for studying the body movements of fishes and schooling behavior was first used by Holliday (1974 Holliday ( , 1977 , and then by Zhou & Huntley (1996) and Demer et al. (2002) . The present study has extended Doppler technology to studies of spatial variation in behavior within marine organism aggregations. Fig. 16 shows a 24 h time series of vertical profiles of both volume backscattering, converted to ind. m -3 (assuming a mean size of 1.2 cm for Thysanoessa raschii) and a spectrum width anomaly in cm s (obtained by subtracting a grand mean from the spectrum width measurements) at Stn 6, which illustrate both euphausiid aggregations and their randomness. The grand mean of spectrum width measurements represents the background turbulence level and finite pulse length. The negative spectrum width anomaly was produced by backscatterers with less randomness, who were strong swimmers capable of overcoming background turbulence to maintain their position (i.e. schooling behavior), the positive anomaly represents the additional random movement contributed by those backscatterers who swim randomly during either feeding or aggregation.
The diel migration study began around 11:00 h during the spring cruise in April. Thysanoessa raschii remained at the bottom (Fig. 16) . The yellow layer in Fig. 16 is centered at approximately 30 m, with a negative spectrum width anomaly. Net tow samples revealed that no euphausiid species contributed to this backscattering layer. Other Thysanoessa species were few, and migrated vertically together with T. raschii; Meganyctiphanes norvegica was absent from our net tow samples in Sørfjorden; Calanus finmarchicus was numerically abundant, with a surface maximum; Sagitta elegans was also abundant, with a bottom maximum. None of these species from our net tow samples could have been responsible for this acoustic layer. Several hypotheses can be made. For example, the herring Clupea harengus, which was abundant in the fjords and whose schooling behavior is well-documented, could have been responsible for this layer. Alternatively, M. norvegica, which is very mobile, and whose acoustic patterns in Ullsfjorden were very similar to those in Sørfjorden, could have been responsible. This low random movement layer disappeared when T. raschii migrated to the upper layer at night, and reappeared after T. raschii descended to the bottom at dawn.
The Thysanoessa raschii aggregation rose to the surface at 20:00 h around sunset during the spring cruise. The anomaly in the spectrum width measurements indicates the degree of random movement: positive values at the edge of an aggregation represent stronger random movement, negative values inside an aggregation less random movement. Such random movement patterns persisted thoughout the night until their descent at dawn. Immediately, after their ascent at sunset, maxima in abundance appeared, one at the surface and one centered around 60 m. This division was also seen in other surveys (Figs. 9 & 13) . The surface aggregation displayed positive values for the spectrum width anomaly, representing strong random swimming; and the deep aggregation had negative values, representing less random swimming.
Euphausiid aggregation dynamics
Euphausiid aggregations were present in both Ullsfjorden and Sørfjorden throughout our survey periods, and probably between surveys. Although the net influx of euphausiids resulted from a combination of current circulation patterns and diel vertical migration, behavioral factors maintained them in aggregations. The aggregations of euphausiids in Ullsfjorden and the inner basin of Sørfjorden were surveyed several times over a diurnal period to illustrate the evolution of euphausiid aggregations during vertical migration .
The density of euphausiids in an aggregation varied: during the day they formed a relatively thin very dense layer of >100 to 1000 ind. m -3
, and remained immediately above the bottom or at depths >100 to 120 m. Before sunset, they moved into the upper water column as a less compact layer. During the night, they formed a layer of >10 to 100 ind. m -3
, being relatively less dense at the surface. Because of diel variation in the density of euphausiids, the vertical thickness of a euphausiid layer was thinner (approximately 40 m) during the day, and (thicker approximately 80 m) at night (Figs. 12 & 13) . A similar change in aggregation behavior of Euphausia superba was also observed in other studies in the Southern Ocean (Zhou & Dorland 2004) .
Because there is a certain amount of randomness in euphausiid movements, their aggregation mechanism and patch dynamics have been studied as stochastic processes (Okubo 1980 , 1986 , Anderson 1981 . Under stochastic theory, the random motion of euphausiids contributes to a diffusion process, which is counterbalanced by deterministic swimming against the diffusion. Thus, a euphausiid would stochastically swim towards the less dense side of an aggregation, and then deterministically swim back. We apply this concept to the edges of euphausiid aggregations in Sørfjorden, specifically to the bottom edge of an aggregation.
Starting with the standard definition of a diffusion coefficient (Taylor 1921 , Davis 1991 , the vertical diffusion coefficient (A z ) of euphausiids is (5) where the square brackets are the ensemble average, w ' and z ' are random swimming and displacement of a euphausiid, respectively, z is the location of the euphausiid at Time t 0 , and t is time. The notation of w '(t |z, t 0 ) is the value w '(t) of the euphausiid passing through z at Time t 0 . In our case, because a euphausiid swims as far as the edge of an aggregation, the largest scale of the random displacement would be equal to the spatial scale of the abundance gradient at the edge of an aggregation. Thus, we have [
where the square brackets indicate the scale of a variable. The spatial scale of a strong gradient at the aggregation edge is approximately 10 m (Fig. 13) . The euphausiids' random swimming velocities are approximately 5 cm s -1 (Fig. 16) . Mixing of euphausiids produced by their random swimming is 10 to 100 times greater than mixing due to turbulence.
The hypothesis of a balance between stochastic movement and deterministic swimming can be expressed by the advection and diffusion equation in the vertical direction in a steady state (Okubo 1980 , 1986 , Anderson 1981 : (6) where w e is the mean deterministic swimming velocity against diffusion, C is euphausiid abundance, z is the vertical axis, and A z is the diffusion coefficient due to random movement. From the scaling analysis of Eq. (6) . Our measurements show no such aggregation vertical velocity at the bottom or top edge of aggregations (Figs. 12 & 13) . Without this deterministic vertical velocity, the random velocities would not be counterbalanced, which would then lead to a quick dispersion based on stochastic theory. However, euphausiids were strongly aggregated.
This mismatch between the theoretical conclusion and observations led us take a new look at the configuration and logic of the existing theory. Taking an experiment consisting of a euphausiid aggregation in a steady state, we follow a euphausiid to record how it moves. The euphausiid swims out of the aggregation by random movement, and swims towards the aggregation as aggregative behavior. The mean effect on the aggregation is counteracted; i.e. the mean swimming velocity is equal to zero. Now we choose a control volume, and measure the velocities of all euphausiids. The sum of all velocity measurements is the mean swimming velocity of all euphausiids in the control volume, regardless of whether some are swimming outward in random movement or swimming inward in aggregation behavior. In a steady state, the net flux of euphausiids into a control volume should be equal to zero, i.e. the mean swimming velocity is equal to zero. Therefore, when a euphausiid aggregation forms at the surface or bottom, and is in an almost steady state, the mean velocities relative to the aggregation must vanish. But can euphausiids maintain both stochastically random movement and aggregation without being dispersed when the mean velocities vanish? The answer is a conditional yes. When an aggregation reaches a steady state, all slots have been assigned to individual euphausiids. The exchange between slots has to be done by one to one, which is independent of the gradient of the distribution of euphausiids. An exchange can be random, but the net effect on velocity and distribution will be nullified by the one to one relation. Such random movement will not produce a diffusion effect.
CONCLUSIONS
This study examined the spatial and temporal variations in physical processes and behavior of zooplankton at scales from hours to seasons and from 10s to 1000s of m, using a suite of instruments including ADCP, CTD and a fluorometer. The high resolution, repeated measurements from our 2 cruises have not only revealed the semidiurnal tidal currents in both Ullsfjorden and Sørfjorden, seasonal baroclinic circulation, and spatiotemporal structures of daily migrating aggregations of euphausiids, but have also enabled us to better understand how these physical and behavioral processes, which determine the transport and distribution of euphausiids in these fjords, are coupled. The results revealed that seasonal changes in buoyancy forcing produced by freshwater runoff in spring, and by surface cooling and ice formation in fall and winter, determine the seasonal changes in circulation and water exchange between fjords and adjacent shelf waters. In response to these seasonal changes in the physical environment, the migration pattern of euphausiids changes as a function of seasonal daily insolation. Covariation in these physical and biological processes leads to net transport of euphausiids into fjords in fall, winter and spring. In the fall and winter, euphausiids are transported into fjords by inward-bound surface currents produced by surface cooling and ice formation, while euphausiids remain in the upper water column during the long night hours. In the spring, euphausiids remained at depth during the long hours of daylight, and are transported into the fjord by the inward-bound bottom current. Our study also examined the kinematics of euphausiid aggregations. Measurements of euphausiid swimming velocities indicate that they are capable of swimming at > 6 body lengths s -1 in response to the presence of a research vessel. The response to the presence of a vessel travelled through euphausiid aggregations up to a distance of 40 m at a relaying speed of >10 m s . Within an aggregation, the relative velocity of euphausiids in the center is low, within the measurement error of 1 cm s -1 ; this implies a balance between the aggregative tendency at the center of an aggregation and the gradients of euphausiid abundance. Euphausiids can aggregate and remain aggregated within strong current fields mainly by means of strong swimming and aggregation behavior. When an aggregation reaches steady state, random movement occurs, but exchanging positions between euphausiids has to be coordinated between individuals. Such random movement will not produce a diffusion effect. 
